ABSTRACT The development of a facile method for fabricating one-dimensional, precisely positioned nanostructures over large areas offers exciting opportunities in fundamental research and innovative applications. Large-scale nanofabrication methods have been restricted in accessibility due to their complexity and cost. Likewise, bottom-up synthesis of nanowires has been limited in methods to assemble these structures at precisely defined locations. Nanomaterials such as PbZr x Ti 1-x O 3 (PZT) nanowires (NWs)swhich may be useful for nonvolatile memory storage (FeRAM), nanoactuation, and nanoscale power generationsare difficult to synthesize without suffering from polycrystallinity or poor stoichiometric control. Here, we report a novel fabrication method which requires only lowresolution photolithography and electrochemical etching to generate ultrasmooth NWs over wafer scales. These nanostructures are subsequently used as patterning templates to generate PZT nanowires with the highest reported piezoelectric performance (d eff ∼ 145 pm/V). The combined large-scale nanopatterning with hierarchical assembly of functional nanomaterials could yield breakthroughs in areas ranging from nanodevice arrays to nanodevice powering.
N anowires (NWs) have emerged as powerful building blocks for functional applications such as nanosensors, 1 nanogenerators, 2 and nanoelectronics. 3 Key to achieving high device performance is the generation of NWs whose characteristicssincluding geometry, composition, and defect densitysare well controlled at the point of their growth or fabrication. Further, many applications require nanowires which are hierarchically patterned over large areas and at precisely defined locations. Thus, to generate NW arrays for practical applications, a fabrication method which is high throughput, not exotic, applicable to a broad range of functional materials, and capable of generating highly ordered NWs on a large-scale area is requisite. For example, bottom-up synthesis of NWs by vapor-liquid-solid (VLS) 4 or electrochemical 5 methods has successfully produced NWs with broad compositions 6 which can be assembled via flow alignment, 7 Langmuir-Blodgett assembly, 8 dry transfer, 9 or dielectrophoresis 10 over macroscopic scales.
Recently, top-down methods, including nanoimprint lithography (NIL), 11, 12 superlattice nanowire pattern transfer (SNAP), 1, 13 and lithographically patterned nanowire electrodeposition (LPNE) 14 have regained attractiveness in their ability to pattern NWs that can be deterministically positioned. For example, LPNE has shown the preparation of NWs with diameters down to sub-50 nm for materials that can be electrodeposited (such as noble metals and lead telluride), 14, 15 while SNAP is applicable to single-crystalline materials by etching metal templates into host substrates. 16 Here, we report a new top-down methodsinspired by LPNE and SNAP and free of complex processingsfor generating functional NW arrays with accurate placements over wafer scales. Our technique can generate NWs of complex compositions and functionalities. Indeed, we demonstrate its power by realizing large area fabrication of high-performance piezoelectric NWs, which may have applications in nanodevice power generation.
Our approach, which we term photolithography and etching for nanoscale lithography (PENCiL), produces a metal nanomask template over wafer scales. Figure 1a outlines the PENCiL process. First, a 100 nm Ni thin film is deposited onto any substrate. Next, arrays of 1-2 µm wide resist lines are patterned using standard photolithography. Third, and key to PENCiL, the Ni layer is electrochemically etched in concentrated phosphoric acid by "undercutting" the resist windows in order to define the NW structures. Variation in the applied voltage, photoresist patterns/heights, and etching times can be utilized to directly control the shapes and sizes of various NW features. 17 Most significantly, Figure 1b shows that NWs patterned using the PENCiL technique can reproducibly achieve sub-40 nm diameters, as well as curved and ringlike-shaped NWs (see Supporting Information). Because PENCiL relies only on photolithography and etching, largearea scalability of this process was achieved by patterning a 3 in. wafer with Ni NW arrays, as shown by the diffraction pattern in Figure 1c . Indeed, ordered, uniform NW arrays are realized on a large scale (Figure 1d ) and monolithically patterned to larger contact pads to form nanodevices from the two-step PENCiL process ( Figure  1d ).
This facile, large-area fabrication of NWs is enabled by the etching conditions: polished Ni sidewalls and a controlled etch rate are ensured by the concentrated phosphoric acid, such that the rate-limiting step becomes diffusion of water to the metal surface to dissolve reaction products. Raised features on the metal surface are thus etched faster because they are exposed to a higher local water concentration. 18, 19 This electrochemical etch process results in nonoxidized Ni wires that retain their conductivity (see Supporting Information). Despite success in producing polished Ni sidewalls, the process is susceptible to surface and line edge roughness due to the contact lithography step. Some critical nanodevice applications require ultrasmooth line roughness (<10 nm). For example, a decrease in piezoelectric electromechanical conversion efficiency due to incomplete charge compensation has been reported due to defects in piezoelectric nanostructures. 20 Self-perfection by liquefaction (SPEL) is a laser annealing technique that has been previously shown to correct defects in patterned metal features. 21 In the liquid phase, the nanostructure flows under the influence of surface tension and interaction with the substrate, effectively smoothing out the structure's rough edges. Here, the SPEL technique was used to smoothen nanomask features defined by PENCiL. Figure 2a shows the process: a single ArF excimer laser pulse (λ ) 194 nm) with a duration of 20 ns was employed to locally melt and resolidify the masking nanowires. To avoid substrate heating, a transparent 200 nm SiO 2 layer (band gap ∼9 eV) was deposited by electron beam evaporation between the PZT substrate and Ni film. A calibration process was performed before the laser exposure. By changing the fluence of the laser light gradually, an optimal value of 105 mJ/cm 2 (NW width ∼85 nm) was identified for smoothing the metal NWs defined by PENCiL.
Panels b and c of Figure 2 show scanning electron microscopy (SEM) images of NWs patterned by PENCiL before and after SPEL, respectively. These images were subsequently used to quantitatively obtain a line-edge roughness profile of the NWs before ( Figure 2d ) and after ( Figure  2e ) the SPEL treatment. A custom-built Matlab (The MathWorks, Inc., Natick, MA) program was used to quantitatively analyze the roughness of NWs based on root-mean-square deviations of NW line edge profiles. We found that the PENCiL process alone produces NWs that are quite smooth, with a line-edge roughness of 15.4 nm. Significantly, this roughness can be decreased to 4.2 nm after the SPEL treatment, approaching the 3 nm smoothness limit reported by the International Technology Roadmap for Semiconductors. 22 The pulse must be extremely rapid for the smoothening process, and when combined with the laser spot size of 2 × 3 mm 2 , the SPEL process can ultimately be applied over a 3 in. wafer in a time scale of only minutes. Because the PENCiL process relies only on Ni metal deposition, photolithographic patterning, and electrochemical etching, it can be performed on a wide variety of substrates, including materials with inherent functionalities. One particularly interesting class is piezoelectric crystals, which represent promising materials for electromechanical energy conversion technologies.
2,23 Electromechanically derived energy harvesting via low-dimensional piezoelectric nanostructures has garnered substantial research attention, due to the synthesis of various one-dimensional piezoelectric nanostructures including ZnO, 24 BaTiO 3 , 25 GaN, 26 CdS, 27 and PVDF NWs, 28 and the possibility of harvesting energy from the environment for self-powered nanosystems and biomedical devices. 2, 23 Lead zirconate titanate (PbZr x Ti 1-x O 3 , PZT) is a piezoelectric material used for highperformance applications due to its exceptionally large piezoelectric constant (∼250 pm/V). 29 However, this potential is greatly restricted by the lack of an efficient method for its synthesis at the nanoscale. This is a result of the complex stoichiometric composition of PZT, as most techniques (e.g., VLS) for producing high-quality NWs cannot be easily applied due to issues such as phase separation and the lack of suitable catalysts. 30 Synthesis of PZT NWs to date has thus been limited to sol-gel templates and hydrothermal methods, [31] [32] [33] [34] resulting in polycrystalline wires and/or wires with limited stoichiometric control. By contrast, the controlled synthesis of stoichiometric, epitaxial thin films of PZT with precise atomic compositional control has been well studied. 35, 36 Accordingly, we performed the PENCiL process on an underlying layer of crystalline PZT. A PZT thin film (300-500 nm thickness, 52/ 48 Zr/Ti) was first deposited epitaxially on Pt/MgO or on a Si substrate via rf-sputtering with a 52/48 PZT target to ensure a composition close to the morphotropic phase boundary (MPB). 37 The film was postannealed at 700°C for 15 min to induce a phase transition to a perovskite structure. 23, 38 After performing PENCiL, a subsequent dry reactive ion etching (RIE) step was performed with a Micro RIE (150 mTorr SF 6 , 150 W), selectively removing the exposed PZT film and resulting in PZT NW arrays under the PENCiL NW mask (Figure 3a) . Finally, the Ni nanomask was removed using 63% aqueous nitric acid at 60°C for 10 min to complete the process and reveal the defined PZT NWs. Figure 3b shows that even over large areas, the PENCiL nanomask can be directly translated into highly ordered PZT NW arrays (diameter ∼75 nm). Energy dispersive spectroscopy (EDS) was locally performed at multiple points along the axial direction of individual PZT NWs (Figure 3c , also see Supporting Information). Importantly, the EDS spectrum shows that the stoichiometry closely matches that of a bulk standard PZT sample and confirms that the PENCiL translation process does not leave residual Ni from the nanomask.
Next, functional properties of the defined PZT NWs were investigated using piezo-force microscopy (PFM). 39 A 80 nm Pt film was deposited prior to PZT film deposition for use as the bottom conducting electrode in the PFM measurement. An AFM (Asylum Research, Santa Barbara, CA) equipped with a doped diamond conducting tip (Olympus AC240TM Ti/Pt coating, k ) 2.1 N/m, f ) 77 kHz) was operated in contact mode. A lock-in amplifier (Stanford Instruments SR830) was used, and an applied ac signal frequency of 283 kHz was chosen to avoid unnecessary topographic crosstalk near the cantilever resonance. An intermediate force (2000 nN) was applied to ensure that the tip deflection was electromechanically response dominated. 39 Figure 4a shows representative local height (left), piezoelectric amplitude (middle), and phase (right) scans of the PZT NW array collected via the conductive cantilever tip (note that the PZT NWs look wider than they are due to the size effect of the PFM tip in contact mode). The observed contrast in the amplitude and phase traces of Figure 4a indicates that the PZT NW array is of uniform response (standard deviation ) 7.8%) and shows distinct differences from the collected character of the substrate base layer. To illustrate this more clearly, Figure 4b shows a threedimensional overlay of the induced piezoelectric amplitude imposed on the topographic features of the PZT NW array over a 20 × 20 µm 2 area. Again, the induced piezoelectric response is found to be quite uniform along the length of each NW.
An effective piezoelectric coefficient, d eff , was derived by calculating the average deformation (∼300 pm without amplification) per applied ac voltage amplitude (V AC ) 3 V), yielding a value of ca. 100 pm/V for the unpoled PZT NWs. Finally, ramping mode PFM, in which the cantilever tip is held in direct contact with the PZT NW surface while the applied ac bias to the tip is continuously increased (V AC ) 0-2.5 V), was performed to quantitatively determine the effective piezoelectric coefficient of individual PZT NWs as defined by PENCiL. Figure 4c shows the collected linear piezoelectric response of an individual, unpoled PZT NW using ramping mode PFM, with the resulting slope indicating an effective piezoelectric coefficient of 114 pm/V. The observed value increased to d eff ) 145 pm/V following 30 min of poling under an applied dc voltage of +10 V, scanned over a selected area of the PZT NW. 38 To our knowledge, this value represents the highest piezoelectric coefficient reported to date from any piezoelectric nanostructure. 34, 40 We attribute this result to the ability of the PENCiL technique to define smooth nanowire structures from high-quality thin films.
In summary, a combined photolithographic and electrochemical etching methodswhich we term PENCiLswas able to pattern highly ordered PZT NW arrays over large areas, with the highest reported piezoelectric coefficient to date. It should be emphasized that this process is universally applicable to a host of metallic nanomask systems and functional substrates, including semiconducting, magnetic, and optoelectronic materials, so long as selective etch reagents are available. We anticipate that the results demonstrated here will open exciting avenues in fundamental research on piezoelectric size scaling in nanomaterials, as well as applications requiring batch fabrication such as memory cells, nanogenerators, and nanoactuators. Yet, despite these advantages, it should be noted the spacing between the nanowires is still limited by photolithographic resolution. Ongoing work will address this by, for example, employing multiple PENCiL steps to achieve higher densities, as well as generating addressable crossbar structures.
Supporting Information Available. Additional figures of nanostructures with various sizes and shapes fabricated by PENCiL, an etching calibration plot, NW width statistics, I-V measurements, and large-scale PZT NW arrays fabricated on Pt/MgO substrates, along with EDS characterization.This material is available free of charge via the Internet at http:// pubs.acs.org.
